Background: This phase II, open-label, randomised study evaluated whether patients with metastatic pancreatic cancer receiving erlotinib/gemcitabine derived survival benefits from increasing the erlotinib dose.
Treatment options for pancreatic cancer remain limited and until 2005, single-agent gemcitabine was the standard of care. Fluorouracil (5-FU), capecitabine, cisplatin, docetaxel, irinotecan, oxaliplatin, pemetrexed, and cetuximab additions showed no clear survival benefits, and FOLFIRINOX (oxaliplatin, irinotecan, leucovorin, and 5-FU) had high toxicity (Philip et al, 2007; Burris and Rocha-Lima, 2008; Merl et al, 2010; Conroy et al, 2011) . A better understanding of pancreatic cancer and the role of epidermal growth factor receptor (EGFR) overexpression in cell proliferation/metastasis (Tobita et al, 2003) led to molecularlytargeted agents. In the National Cancer Institute of Canada Clinical Trials Group phase III PA.3 study of advanced pancreatic cancer, erlotinib, an EGFR tyrosine-kinase inhibitor (TKI), plus gemcitabine, increased overall survival (OS; hazard ratio (HR), 0.82; 95% confidence interval (CI): 0.69-0.99; P ¼ 0.038; median 6.2 vs 5.9 months, respectively) and 1-year survival rate (23% vs 17%, respectively; P ¼ 0.023) vs single-agent gemcitabine (Moore et al, 2007) . Erlotinib plus gemcitabine was approved for the first-line treatment of advanced pancreatic cancer.
In PA.3, the clinical benefit of erlotinib was significant, but modest; the use of biomarkers to individualise EGFR TKI therapy may optimise treatment, as seen with EGFR mutation-positive non-small-cell lung cancer (NSCLC) (Zhou et al, 2011; Rosell et al, 2012) . No specific biomarker has been identified for erlotinibtreated pancreatic cancer (da Cunha Santos et al, 2010) ; however, there is evidence that rash could be a surrogate marker of efficacy Saltz et al, 2003; Shepherd et al, 2005; Wacker et al, 2007; Verslype et al, 2009; Van Cutsem et al, 2009a; Buges et al, 2012; Perez-Soler et al, 2012) . Correlations with rash have also been noted with the anti-EGFR agents cetuximab (Van Cutsem et al, 2009b) and panitumumab (Peeters et al, 2009) . A dose-response relationship or differences in gene expression and immune response that simultaneously affect rash development and tumour response may underpin this (Amador et al, 2004; Guttman-Yassky et al, 2010) . Systematically increasing the dose to induce rash has shown promise in colorectal cancer; the EVEREST study demonstrated a higher overall response rate (ORR) when cetuximab was 'dosed to rash' compared with standard dosing (Van Cutsem et al, 2012) .
We describe a phase II study to determine whether dose escalation of erlotinib translated into improved clinical outcomes in patients with advanced pancreatic cancer.
MATERIALS AND METHODS
Study design. RACHEL (BO21128; ClinicalTrials.gov: NCT00652366; http://clinicaltrials.gov/ct2/show/NCT00652366) was a multicentre, randomised, open-label, phase II study investigating gemcitabine plus standard-dose or escalated-dose erlotinib in patients with metastatic pancreatic cancer (Figure 1) .
The RACHEL trial was approved by the institutional review board/ethics committee of each centre, and was performed in accordance with the principles of the Declaration of Helsinki and Guidelines for Good Clinical Practice. Patients provided written informed consent.
Patients. Patients (X18 years) had: histologically/cytologically confirmed pancreatic cancer (adenocarcinoma) with measurable/ non-measurable disease (stage IV); Eastern Cooperative Oncology Group performance status (ECOG PS) 0 to 1; life expectancy X8 weeks; and adequate haematological/renal/liver function. Eligible patients completed a 4-week run-in period. The inclusion criteria for randomisation were completion of the run-in period: without evidence of disease progression (PD); without grade X2 rash development; or without development of toxicity leading to dose Figure 1 . Study design of the phase II RACHEL (BO21128) study. The 4-week run-in period was based on a median onset for rash development in patients treated with erlotinib plus gemcitabine for 10 days (with 90% of patients experiencing rash within 44 days) seen in the PA.3 study (Wacker et al, 2007) . Erlotinib dose escalation-starting at 150 mg per day increasing at 50 mg every 2 weeks until a maximum of 250 mg per day or grade X2 rash developed (patients were held at the lowest dose that induced grade X2 rash). A 50-mg increment allowed monitoring of rash development/other toxicities and ensured patients were not exposed to unnecessarily high doses of erlotinib. Study treatment. During the run-in period, patients were treated with weekly gemcitabine 1000 mg m À 2 (intravenously (IV)) plus daily erlotinib 100 mg per day (oral) for 4 weeks. After the run-in period, patients with no rash (grade 0) or grade 1 rash were randomised to the standard-dose or dose-escalation arms (central randomisation: interactive voice/web response system). The study sponsor was blinded to treatment allocation. Patients were initially considered non-eligible for randomisation if they did not receive the full run-in period of both gemcitabine and erlotinib. As many patients could not receive the full gemcitabine dose, the protocol was amended to allow dose reductions to X75%; patients with only one gemcitabine-related dose reduction for haematological toxicity were eligible, provided they were stable and tolerating the 75% dose and no further reductions were anticipated. Patients on the standard-dose arm received gemcitabine 1000 mg m À 2 (IV; weekly for 3 consecutive weeks, followed by a 1-week treatment holiday) plus daily oral erlotinib 100 mg per day until PD, unacceptable toxicity, death, or patient withdrawal. Patients on the dose-escalation arm received gemcitabine (as above) plus daily oral erlotinib (150 mg per day, increased in 50-mg increments biweekly until development of grade X2 rash (maximum 250 mg) or other dose-limiting toxicity) until unacceptable toxicity/PD, death, or study withdrawal. Patients with grade 0 or 1 rash after the runin period (who were non-eligible for randomisation) or patients who had grade X2 rash after the run-in period, continued to receive the standard dose of erlotinib and gemcitabine (as above; non-randomised arm). Dose reductions (50 mg per day decrements) for AEs were allowed. Patients who progressed during the run-in period were discontinued from the study.
Efficacy and safety analyses. The primary objective was to determine whether OS was improved by erlotinib dose escalation to induce rash in patients who developed grade 0 or 1 rash during a 4-week run-in period with standard-dose erlotinib plus gemcitabine, compared with patients who continued to receive standarddose erlotinib plus gemcitabine. The secondary objectives were: to evaluate the safety/tolerability of increased erlotinib doses; to evaluate the incidence of grade X2 rash with erlotinib dose escalation; to compare progression-free survival (PFS), ORR, and disease control rates (DCRs) between randomised arms; to make a non-randomised comparison of efficacy/safety between patients who developed grade 0 or 1 vs grade X2 rash during the 4-week run-in period. The per-protocol trigger for analysis was 120 deaths.
Management of rash. Strategies for rash management in the RACHEL study are described in the Supplementary Materials (Supplementary Table S1 ).
Biomarker analyses. Exploratory objectives included the correlation of EGFR protein expression, EGFR gene copy number, KRAS and EGFR mutations, and EGFR intron 1 polymorphisms with efficacy (Supplementary Appendix 1).
Statistical analyses. The intent-to-treat (ITT) population included all patients in the randomised treatment arms (standard dose/dose escalation), excluding patients ineligible for randomisation following the run-in period. To detect a survival HR of 0.6 between randomised arms (80% power, two-sided 5% significance) 120 events were required. Assuming 24 months' accrual, 9 months' follow-up, and a 5% drop out rate per year, 70 patients were required per randomised arm (requiring 560 patients to be enrolled). The hypothesis was that OS and PFS would be statistically significantly different between the standard-dose and dose-escalation arms. OS and PFS from randomisation were analysed in the ITT population using a two-sided log-rank test (a ¼ 0.05) and stratified log-rank tests; OS and PFS from the start of treatment were analysed using non-stratified log-rank tests. Median and 95% CI from randomisation were estimated using the Kaplan-Meier methodology. The OS and PFS of patients in the non-randomised grade X2 rash arm were measured from the start of treatment. The OS and PFS in the non-randomised grade X2 rash and the randomised arms were compared using a two-sided log-rank test (a ¼ 0.05; no adjustment for multiple comparisons). The Cox proportional hazards model was used to estimate the HR and 95% CI of OS/PFS (from the start of treatment). ORR and DCR (and 95% CI) were evaluated using the Pearson-Clopper methodology. The rates in the randomised arms were compared by w 2 -tests (a ¼ 0.05; no adjustment for multiple comparisons). The 95% CI for the rate difference between the two arms was calculated using the Hauck-Anderson approach. The safety population included all patients who received at least one dose of trial medication and had at least one safety follow-up.
RESULTS
Patient population. A total of 467 patients were enrolled (May 2008 to May 2010). Of these, 36 patients were classed as early drop outs and 285 were not eligible for randomisation as they had grade X2 rash (n ¼ 106) or they had grade 0 or 1 rash but did not meet other inclusion criteria for randomisation (n ¼ 179). The full disposition of patients through the study to the data cutoff for the primary analysis (19 May 2011) is detailed ( Figure 2 ). Baseline characteristics (Table 1) were generally well matched between the randomised arms. More patients in the dose-escalation arm, compared with the standard-dose arm, had an ECOG PS 1, pancreatic cancer pain, and tumour location in the pancreas tail. The non-randomised grade X2 arm was reasonably well balanced with the randomised arms, with the exception that there were fewer current smokers in the nonrandomised arm. The median follow-up was 17.4 months (range, 1.1-24.0) in the standard-dose arm and 20.9 months (range, 0.0-30.4) in the doseescalation arm. At the cut-off, 61 (81.3%) patients in the standarddose arm, 60 (85.7%) patients in the dose-escalation arm, and 90 (84.9%) patients in the non-randomised grade X2 rash arm had died.
A total of 7 out of 75 (9.3%) patients developed a grade X2 rash in the standard-dose arm, compared with 29 out of 70 (41%) patients in the dose-escalation arm (Supplementary Table S2 ). The median time from randomisation to onset of grade X2 rash was 71 days (range, 6-347) in the standard-dose arm and 28 days (range, 2-537) in the dose-escalation arm (Supplementary Table S2 ).
Efficacy outcomes. OS from randomisation was not statistically different between the standard-dose and dose-escalation arms (HR, 1.26, 95% CI: 0.88-1.80; P ¼ 0.2026; median OS: 8.4 vs 7.0 months, respectively; Figure 3 ). Similar results were observed when OS was analysed by the stratification factor (Supplementary Figure  S1) . PFS from randomisation was not significantly different between the standard-dose and dose-escalation arms (HR, 1.09, 95% CI: 0.77-1.54; P ¼ 0.6298; median PFS: 4.5 vs 3.5 months, respectively). The ORR and DCR were similar between the standard-dose and dose-escalation arms (ORR: 14.7% vs 8.6%, respectively; DCR: 62.7% vs 47.1%, respectively; P ¼ 0.0603; Table 2 ). No prespecified biomarker was found to be predictive of a better outcome (Supplementary Appendix 1; Supplementary Figure S2 ). OS from the start of treatment was not statistically different between the non-randomised grade X2 arm and the standard-dose arm (HR, 0.83; 95% CI: 0.60-1.15; P ¼ 0.2678; median OS: 7.9 vs 9.3 months, respectively) or the dose-escalation arm (HR, 1.03; 95% CI: 0.74-1.43; P ¼ 0.8449; median OS: 7.9 vs 8.0 months, respectively), though the study was insufficiently powered to detect differences (Figure 4) . PFS from the start of treatment differed significantly in the non-randomised grade X2 arm vs the standard-dose arm (HR, 0.69; 95% CI: 0.51-0.95; P ¼ 0.0217; median PFS: 4.0 vs 5.4 months, respectively) but not vs the dose-escalation arm (HR, 0.79; 95% CI: 0.57-1.10; P ¼ 0.1596; median PFS: 4.0 vs 4.5 months, respectively).
Pharmacokinetics. The population pharmacokinetics were within the range of that described by the existing pharmacokinetic model and are discussed in Supplementary Appendix 2.
Safety and tolerability. Most patients received between 1 and 8 months of erlotinib (range, 0-17 months) and between 2 and 11 gemcitabine cycles (range, 2-19). Cumulative doses are reported in the Supplementary Materials (Supplementary Table S3 ). In the dose-escalation arm, 1 (1%) patient remained on 100 mg per day erlotinib, 70 (99%) patients received 150 mg per day, 49 (69%) received 200 mg per day, 28 (39%) received 250 mg per day and 1 (1%) patient received 300 mg per day. The main reason for treatment withdrawal in any arm was insufficient therapeutic response (Supplementary Table S4 ). Dose reductions/interruptions are also reported (Supplementary Table S5 ).
All patients experienced X1 AE, with the exception of three patients in the standard-dose arm (Table 3 ). The most frequent AEs were skin/subcutaneous tissue disorders. Of the nonrandomised patients who experienced grade X2 rash during the run-in period, 8.6% had a serious AE (SAE) leading to death compared with 2.6% of patients in the randomised standard-dose arm and 2.8% of patients in the dose-escalation arm. In addition, 73.3% of non-randomised patients who experienced grade X2 rash Continuing study at data cutoff (n=4) Figure 2 . CONSORT diagram of patient disposition through the study. Standard dose: patients with grade 0 or 1 rash after the run-in period and eligible for randomisation (no PD and no dose adjustments to o75% of the full dose of chemotherapy). Dose escalation: patients with grade 0 or 1 rash after the run-in period and eligible for randomisation (no PD and no dose adjustments to o75% of the full dose of chemotherapy). Non-randomised, non-eligible: patients with grade 0 or 1 rash after the run-in period, but non-eligible for randomisation (having PD or dose adjustments to o75% of the full dose of chemotherapy). Non-randomised, grade X2 rash: patients with grade X2 rash after the run-in period.
Early dropouts: patients with ECOG PS 2, PD, or serious adverse event leading to treatment discontinuation or death before randomisation. Abbreviations: ECOG PS ¼ Eastern Cooperative Oncology Group performance status; ITT ¼ intent-to-treat; PD ¼ disease progression. a One patient excluded due to dose escalation before randomisation.
b Two patients randomised to the dose-escalation arm, but who did not receive dose escalation were added.
c Two patients randomised to the dose-escalation arm, but who did not receive dose escalation were removed and two patients with dose escalation from the non-randomised arm were added.
BRITISH JOURNAL OF CANCER Dosing to rash: erlotinib in pancreatic cancer had severe AEs, compared with 53.2% of patients in the standarddose arm and 66.2% of patients in the dose-escalation arm. In the randomised population, the incidence of SAEs was comparable between treatment arms (standard dose 31% vs dose escalation 28%). Treatment-related AEs were more common in the doseescalation and the non-randomised grade X2 rash arms (both 100%) compared with the standard-dose arm (87%). Treatmentrelated SAEs were comparable in the standard-dose (13%) and dose-escalation arms (10%). The most common SAEs were gastrointestinal disorders and infections/infestations, and the most common grade 3 or 4 AE was neutropenia (Table 4) ; frequencies were generally comparable between treatment arms with the exception of gastrointestinal disorders and neutropenia, which were seen slightly more often in non-randomised patients (grade X2 rash).
DISCUSSION
Of patients in the erlotinib dose-escalation arm, 41% developed grade X2 rash, in contrast to 9.3% of patients in the standard-dose arm. Why only some patients develop rash may be related to drug exposure differences, which may, in turn, be related to genetic mechanisms. EGFR polymorphism (specifically a small number of EGFR intron 1CA dinucleotide repeats) is associated with increased EGFR expression and rash (Amador et al, 2004) . The ability of dose escalation to induce rash is suggestive of a doseresponse relationship; however, this relationship did not extend to efficacy. There was no difference in OS or PFS in the dose-escalation arm compared with the standard-dose arm. The efficacy results are not in line with the expected outcome and the results of previous pancreatic cancer studies. Improved survival was reported for erlotinib-treated patients who developed a grade X2 vs 0 rash in the phase III PA.3 study (OS: median 10.8 vs 5.4 months, respectively; HR, 0.47, 95% CI: 0.34-0.64; Po0.001; PFS: median 6.5 vs 3.1 months, respectively; HR, 0.46, 95% CI: 0.33-0.65; Po0.001) (Wacker et al, 2007) . In addition, a phase II study of erlotinib plus gemcitabine reported better outcomes for patients with grade X2 rash compared with grade o2 rash (OS: median 11 vs 5 months, respectively; Po0.001; PFS: median 6 vs 3 months, respectively; Po0.001; ORR: 21% vs 7%, respectively; Po0.05; (23) 19 (27) 10 (9) Age ( (52) 29 (41) 55 (52) 1 36 (48) 41 (59) 50 (48) Months since first diagnosis Figure 3 . OS (from randomisation) for patients who were randomised to the standard therapy arm (gemcitabine plus erlotinib 100 mg per day) or the dose-escalation arm (gemcitabine plus escalating doses of erlotinib). Abbreviations: HR ¼ hazard ratio; OS ¼ overall survival. Table 2 . Best overall response for patients who were randomised to either the standard-dose arm (gemcitabine plus erlotinib 100 mg per day) or the dose-escalation arm (gemcitabine plus escalating doses of erlotinib) DCR: 84% vs 43%, respectively; Po0.05) (Aranda et al, 2012) . The AViTA study reported a numerically longer OS for gemcitabine and erlotinib-treated patients who developed a grade X2 rash compared with those with no rash (median 8.4 vs 5.0 months) (Verslype et al, 2009) . Retrospective analyses have also highlighted relationships between rash and efficacy in pancreatic cancer. Patients treated with erlotinib plus gemcitabine classified as having 'high' severity rash had significantly longer OS/PFS than their 'low' severity counterparts (OS: median 7.58 vs 5.03 months; P ¼ 0.0339; PFS: median 2.4 vs 2.0 months; P ¼ 0.0485) (Stepanski et al, 2013) . Another retrospective study indicated that erlotinib-induced grade 1 and grade X2 rash were correlated with improved OS (HR, 0.71, 95% CI: 0.50-1.00 and HR, 0.57, 95% CI: 0.40-0.82, respectively; P ¼ 0.007), although adjusting for baseline characteristics removed the significance (HR, 0.69, 95% CI: 0.49-0.97 and adjusted HR, 0.78, 95% CI: 0.48-1.2, respectively) (Alejandro et al, 2012) . In the present study, the slight tendency of dose-escalated patients to have negative prognostic factors (ECOG PS 1; pancreatic cancer pain; pancreatic tail tumours) may have contributed to the lack of difference seen between the randomised groups.
The key difference between the RACHEL trial and previous pancreatic cancer trials was the aspect of using erlotinib dose escalation to induce rash. A phase II NSCLC study, a disease where a relationship with rash is well established, employed the 'dose-torash' strategy and also demonstrated no correlation of erlotinib exposure with tumour response (Mita et al, 2011) . In RACHEL, the OS was also not statistically different between the group of patients Abbreviations: AE ¼ adverse event; PD ¼ disease progression; SAE ¼ serious adverse event (defined as being: fatal; life threatening; requiring hospitalisation; resulting in disability or incapacity; medically significant; or requiring intervention to prevent any of these outcomes). In the patients who were not eligible for randomisation with grade p1 rash at 4-week run-in period, there were five treatment-related deaths (one patient experienced acute myocardial infarction, pneumonia, and acute renal failure; one patient had interstitial lung disease; one patient had pneumonia; one patient had sepsis; and one patient had pneumothorax). Of the patients who dropped out of the study early (due to PD or toxicity), there were two treatment-related deaths (intestinal fistula and cerebrovascular accident). BRITISH JOURNAL OF CANCER Dosing to rash: erlotinib in pancreatic cancer who developed a grade X2 rash 'naturally' after 4 weeks, and those in whom rash was induced by dose escalation (HR, 1.03, 95% CI: 0.74-1.43; P ¼ 0.8449). However, the patients with 'natural' grade X2 rash were not randomised, and the analysis was not adjusted for baseline characteristics. Although the rash may appear be more severe in the non-randomised grade X2 'natural' rash group (18.1% grade 3 or 4 rash, compared with 4.2% and 0% in the two randomised groups), this is not surprising, given that the nonrandomised group will have a greater probability of grade 3 or 4 rash by virtue of their randomisation criteria (all grade X2 rash). Increased awareness of rash by patients and physicians means that symptoms are treated earlier and more effectively than in earlier studies. A rash, which (due to poor awareness or sub-optimal management) may have developed to grade X2 in older studies, may have been treated earlier and more effectively in RACHEL. This may have contributed to correlations between rash and efficacy not being observed in this study, in contrast to older studies.
The results should also be considered in light of cumulative exposure to erlotinib and gemcitabine. The mean erlotinib exposure was higher in the dose-escalation arm, compared with the randomised standard-dose arm, as expected. The mean erlotinib dose was lowest in the non-randomised grade X2 rash arm, due to a higher rate of erlotinib dose reduction/interruptions (relative to the standard-dose arm). The mean exposure to gemcitabine was lower in the dose-escalation arm than the standard-dose arm, despite similar proportions of patients having dose interruptions/modifications/withdrawals. PFS was shorter in the dose-escalation arm, and therefore, gemcitabine exposure may be lower than expected due to PD (rather than dose-limiting toxicity). Similar numbers of patients withdrew from trial treatment between the randomised arms owing to safety reasons (AEs/death) or insufficient therapeutic response.
Although RACHEL was unable to prospectively demonstrate a survival benefit with erlotinib for patients with an induced grade X2 rash, taken in the context of previous studies, rash and efficacy of EGFR TKIs do appear to be linked. EGFR TKI rash generation stems from high EGFR levels in the skin basal layer/hair follicle root sheaths. EGFR inhibition slows epithelial cell regeneration and reduces chemokine expression control. Altered epidermal/stratum corneum growth and differentiation leads to damage of the sebaceous glands and follicular epithelium. Inflammatory mediators are released producing an abnormal skin structure primed for bacterial colonisation, triggering further inflammatory reactions (Guttman-Yassky et al, 2010) . This can result in acneiform rash (papules/ pustules), xeroderma (dry skin/scaling/fissuring), pruritus (and lichenification), paronychia, tenderness, pain, and secondary infection. Strategies to manage skincare are summarised elsewhere (Saif et al, 2008) .
As expected, skin toxicity was the most common AE in RACHEL. No new safety signals were observed. The doseescalation arm reported more treatment-related AEs, and the standard-dose arm had more treatment-related SAEs, but the incidence of patients withdrawn due to toxicity was comparable between the arms. Differences in gemcitabine or erlotinib exposure may have contributed to differences in AEs/SAEs.
In conclusion, dose escalation of erlotinib was able to induce rash in a subset of patients who did not develop grade X2 rash during a 4-week run-in period of standard erlotinib plus gemcitabine. There was no evidence that the higher dose translated into increased benefit for patients. Therefore, there is no recommendation to increase the dose of erlotinib beyond that approved for patients with metastatic pancreatic cancer. Gastrointestinal disorders 5 (6.5) 5 (7.0) 11 (10.5) Infections and infestations 6 (7.8) 6 (8.5) 12 (11.4) General disorders and administration site conditions 5 (6.5) 7 (9.9) 6 (5.7) Blood and lymphatic disorders 2 (2.6) 3 (4.2) 6 (5.7) Hepatobiliary disorders 2 (2.6) 5 (7.0) 2 (1.9) Respiratory, thoracic and, mediastinal disorders 1 (1.3) 1 (1.4) 6 (5.7) Nervous system disorders 3 (3.9) -1 (1.0) Vascular disorders 5 (6.5) 1 (1.4) 3 (2.9) Metabolism and nutrition disorders -2 (2.8) 3 (2.9) Cardiac disorders 2 (2.6) 1 (1.4) 3 (2.9) Renal and urinary disorders -1 (1.4) 1 (1.0) Injury, poisoning, and procedural complications -1 (1.4) -Surgical and medical procedures -1 (1.4) - 
Grade 3 or 4 AEs

